A novel method to prepare microstructured polymer brushes using TiO 2 nanoparticles and photocatalytic microcontact printing is described. It is shown that ethanol amine can be polymerized to linear polyethyleneimine (PEI) driven by the photocatalytic action of TiO 2 . Upon UV irradiation during microcontact printing of ethanol amine with a stamp coated with TiO 2 nanoparticles, patterned polymer brushes with a length of around 50 nm are obtained.
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Microcontact printing (mCP) is a well-known method to produce structured surfaces in a simple, rapid and cost efficient way.
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Although mCP typically relies on chemisorption of ink molecules to a substrate, it has recently been shown that catalysis can also play an important role in surface patterning. An early example of catalytic mCP is the use of the acidic nature of an oxidized polydimethylsiloxane (PDMS) stamp to deprotect acid labile silylether-terminated self-assembled monolayers (SAMs) to produce patterned alcohol surfaces on gold. 4 Similarly, PDMS stamps can be coated with sulfonic acid functionalized gold nanoparticles (NPs) to pattern an acid labile SAM on gold 5 or functionalized covalently with sulfonic acids to pattern N-hydroxysuccinimide-terminated SAMs on germanium surfaces by deprotection. 6 In addition it has been shown that enzyme functionalized stamps can be used for biocatalytic mCP. 7 Furthermore, heterogeneous catalysis with metal coated stamps enabled micropatterned Heck reactions 8 as well as Cu I catalyzed azide-alkyne click chemistry 9 by mCP.
To the best of our knowledge, heterogeneous catalysis combined with mCP has never been used to prepare patterned polymer brushes in one step. Polymer brushes are an important subject of research since many years 10 and their remarkable properties on various surfaces leads to a range of applications. Polymer brushes are used to stabilize colloids 11 and switch the character of a surface from hydrophobic to hydrophilic. 12 It is possible to control cell adhesion on surfaces treated with polymer brushes. 13 Polymer brushes can be synthesized using a ''grafting to'' or a ''grafting from'' approach. Also the patterning of polymer brushes on surfaces is of great interest for various applications. Typically, the patterned ''grafting-from'' approach makes use of some lithography method, e.g. micromolding, 14 photolithography, 15 electron beam lithography 16 or mCP 17 to pattern an initiator onto the surface. Afterwards a surface initiated polymerization is used to build up polymer brushes from solution. The new method presented here requires only a single step for patterning and grafting (Scheme 1). In order to grow polymer brushes of linear polyethyleneimine (PEI) from ethanol amine, the photocatalytic properties of TiO 2 NPs are exploited. Previously, TiO 2 was used as photoinitiator for surface initiated Cu-mediated ATRP to prepare polymer brushes and hydrogels. 18 In spite of the large body of literature on photocatalysis by TiO 2 NPs, the photocatalytic step-growth of polymer brushes is unprecedented. TiO 2 NPs were prepared via sol-gel synthesis from TiCl 4 and water in diethyleneglycol and have an average diameter of around 5 nm according to dynamic light scattering (see ESI †). mCP was performed with a striped PDMS stamp (preparation see ESI †) which was incubated with 30 mL of a methanolic solution of TiO 2 NPs and ethanol amine. After 1 min the stamp was dried in a stream of argon and placed on a silicon (or glass) surface, which was functionalized with a SAM of 11-(trichlorosilyl)undecan-1-ol (for preparation see ESI †). The transparent stamp and surface were irradiated with UV light for 1 to 45 min. 19 Afterwards the stamp was removed and the surface was washed and sonicated in dichloromethane, ethanol and milliQ water for 5 min each to remove physisorbed material, in particular residual TiO 2 NPs. AFM measurements (Fig. 1a) show microstructured brushes with an average height of around 58 nm for an irradiation time of 20 min. As shown in Fig. S1 in the ESI † the length of the polymer brushes tends to increase with the printing time although no strict linear correlation can be observed.
If mCP was performed without TiO 2 NPs, no structure was observed on the surface at all. Even optical microscopy images (Fig. 1c) clearly show the formation of a microstructure on the surface. Fig. 1b compares the X-ray photoelectron spectroscopy (XPS) analysis of the surface before (silane SAM) and after (PEI brushes) mCP with a flat PDMS stamp and confirms the immobilization of nitrogen in the polymer. The C1s signal is also present before the printing process due to the alkyl chain of the SAM, but a detailed view reveals a shoulder in the C1s signal of the polymer at around 286 eV. This signal is known for the C-N bond of PEI and indicates the presence of PEI on the surface. 20 The XPS spectrum after printing shows also some remaining Ti on the surface, which might be due to some TiO 2 particles that could not be washed from the surface and were embedded in the polymer brushes. The proposed mechanism of the photocatalytic polymerization can be found in Scheme 2. We suggest that under UV irradiation the holes (h + ) in TiO 2 oxidize compound 1 (n = 0; R = Si(CH 2 ) 9 ) as well as ethanol amine to the corresponding aldehyde 2 (step I). This aldehyde can react with ethanol amine to imine 3 (step II), which can in turn be reduced by the electrons generated from TiO 2 to the secondary amine 4 (step III) and finally re-enter the cycle with the unaffected alcohol function as 1 (step IV).
To verify whether the immobilized polymer consists of secondary amines or imines, the following experiments were performed. If the imine was not reduced by protons and electrons generated in the TiO 2 NPs it should be possible to hydrolyze the polymer under acidic conditions, yet stirring and even boiling in acetic acid at pH 3 (60 mM in water) did not destroy neither the structure nor reduce the height of the brushes on the surface.
Moreover the cationic character of the polymer brushes could be confirmed. To this end, immobilization tests with negatively charged SiO 2 nanoparticles (SNPs) with a size of around 60 nm were performed. 21 If indeed the polymers are (protonated) amines, not imines, the SNPs will bind strongly to the stripes and can be detected by AFM. In Fig. 2 the AFM measurements of the patterned surfaces before and after incubation with SNPs can be found. Fig. 2a shows the bare polymer brushes before binding at pH 7. Fig. 2d displays the binding behaviour of the SNPs after the standard mCP process at pH 7. As mentioned above the polymer brushes were washed with water. Because PEI is a weak base, around 15-20% 22 of the secondary amine groups will be protonated at pH 7. This leads to positive charges in the polymer brushes, which attract the negatively charged SNPs. If the polymer brushes are sonicated in HCl at pH 3 for 15 min, the amount of protonated amines (Fig. 2c) . The difference between the calculated height (length of polymer plus size of particles) of around 110 nm and the measured one around 90 nm might be due to the polymer brushes being slightly compacted upon binding the SNPs. Finally, to demonstrate that this photocatalytic mCP is a versatile method to modify substrates that display free alcohol functions, the polymerization of ethanol amine was also performed on cellulose surfaces. These were fabricated by spin coating of a solution of cellulose in dimethylacetamide with LiCl on a clean silicon wafer. 23, 24 After washing and drying a layer thickness of around 100 nm was observed by profilometry (Fig. S2, ESI †) . mCP was performed as described above with a printing time of 30 min, but the cleaning process was reduced to washing with dichloromethane to protect the cellulose coating. In this experiment a dotted stamp (3 mm spots spaced by 5 mm) was used. Fig. 3 displays formation of polymer brushes on the cellulose surface. The profiles in Fig. 3c indicate that also on cellulose polymers with length of 40 nm can be achieved. XPS data confirm the successful immobilization (Fig. S3, ESI †) . The N1s signal clearly indicates the immobilization of PEI on cellulose while the C1s signal confirms the presence of C-N bonds overlaying the C-O bond of the cellulose.
In this study the photocatalytic polymerization of ethanol amine by mCP with TiO 2 NPs was confirmed by microscopy, AFM and XPS. Using TiO 2 NPs it is possible to polymerize ethanol amine on a surface to polyethyleneimine brushes with a length around 50 nm. The use of mCP leads to a well-defined pattern of the polymer brushes. To underline the versatility of this reaction the brushes were printed on SAMs of 11-(trichlorosilyl)undecan-1-ol and also on spin-coated cellulose surfaces, which raises the prospect of micropatterning of PEI on paper. Further investigations regarding the photocatalytic PEI synthesis in solution are ongoing.
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